Cavity expansion theory plays an important role in many geotechnical engineering problems, 
INTRODUCTION

22
The cone penetration test (CPT) is a proven tool for in situ soil testing. The test method 23 can provide data for evaluation of important geotechnical design parameters, delineation of 24 different soil profiles within the ground, calculation of end-bearing capacity of piles, and as-25 sessment of liquefaction potential. There are a number of methods available for the analysis 26 and interpretation of CPT data, as discussed in Yu and Mitchell (1998) , which include bear-27 ing capacity theory, steady state approaches, empirical relationships based on experimental 28 tests, numerical analysis, and cavity expansion theory. The focus of this paper is on the use 29 of cavity expansion theory for interpretation of CPT data in layered soils.
30
Cavity expansion theory has been applied to the analysis of many engineering problems.
31
One of its first applications was for the analysis of the indentation of ductile materials (Bishop 32 et al. 1945 ). For geotechnical application, Gibson and Anderson (1961) adopted the theory 33 of cylindrical cavity expansion for the estimation of soil properties from pressuremeter test 34 data. Thereafter, numerous analytical and numerical solutions have been proposed using 35 increasingly sophisticated constitutive soil models. The development of the theory and its 36 application to geomechanics was described in detail in Yu (2000) . The application of cavity 37 expansion analyses to penetration problems was first reported by Bishop et al. (1945) who 38 noted that the penetrating force is proportional to cavity expansion pressure. Since that time, 39 a considerable amount of research has been carried out to improve the theoretical solutions 40 relating to cavity pressure (particularly the limit pressure) and to investigate the correlation 41 between the cavity pressure and penetrometer resistance. Cone penetration certainly involves 42 more than a single mechanism, such as either cylindrical or spherical cavity expansion. As 43 pointed out by Yu (2006) in his Mitchell Lecture, cone penetration can be modelled by three 44 different ways using cavity expansion theory. They include a spherical cavity expansion 45 approach (e.g. Vesic 1977), a cylindrical cavity approach (e.g. Salgado et al. 1997) , and a 46 combined cylindrical-spherical cavity expansion approach (Yu 2006) . For each approach, 47 a different correlation would need to be used to approximate cone penetration using cavity 48 expansion solutions. Based on precedence of other researchers, the spherical cavity expansion 49 analysis was considered to be more appropriate for this study due to its reasonable replication 50 of the displacement patterns near the penetrometer tip and the available correlations between 51 spherical cavity expansion pressure and penetration resistance, which this paper relied on.
52
Despite the wide application of the theory to geotechnical problems, very little work has 53 been done to consider the effect of distinct soil layers within the framework of cavity expan-54 sion analyses. Sayed and Hamed (1987) were the first to apply analytical cavity expansion 55 analyses of concentrically layered media to the field of geomechanics. They applied an elastic 56 solution for spherical expansion to evaluate pile settlement in soil layers, and a cylindrical 57 analysis was used to investigate the effect of a remoulded annulus on the stress-strain be- from which some useful data are used in this paper for validation of the proposed analytical 74 method.
75
The paper is organized into four main sections. The correlation between concentric and 76 horizontal layering is provided first, aiming to reveal the analogue between cavity expansion 77 in concentric soils and cone penetration in horizontally layered soils. After illustrating the 78 combination method to relate the theoretical model to the penetration problem, cone tip 79 resistance during penetration in layered soils is investigated using the analytical solutions.
80
The layered and thin-layer effects on penetration resistance are then studied using the an-81 alytical solutions, with some parametric studies also provided. Results of interpretation of
82
CPT measurements are then compared with numerical results from the literature.
83
CONCENTRIC AND HORIZONTAL LAYERING
84
The use of cavity expansion in concentric media as an analogue to cone penetration in hori- 
92
In order to study the differences between cavity expansion in concentrically and hori-93 zontally layered models, numerical simulations using Abaqus/Standard were conducted. A 94 schematic of the two models is shown in Fig. 2 , where an axisymmetric model was used to 95 provide the spherical cavity expansion analysis. The cavities were expanded from an initial 96 radius of a 0 = 6 mm under an initial isotropic pressure of P 0 = 1 kP a by increasing the cavity 97 pressure, P a . The size of the two-soil interface b 0 varied from a 0 to infinity. The analogy 98 presented in Fig. 2b considers penetration from Soil 1 (weaker soil) into Soil 2 (stronger soil).
99
Note that the terms weak and strong are used throughout the paper to indicate not only oung's modulus (E), Poisson's ratio (ν), friction angle (φ), cohesion (C) and dilation angle 107 (ψ). The soil parameters were set as follows: ν = 0.2, φ = 10
• , ψ = 10 • , C = 10 kP a;
108
E Soil1 = 1 M P a and E Soil2 = 10 M P a.
109
The penetration process in the concentric model was simulated in two stages correspond- Included in Fig. 3 size of the soil to a final size corresponding to the diameter of the penetrometer (i.e. a = B/2).
154
The cone tip resistance is then related to the corresponding cavity pressure that is calculated,
155
as depicted in Fig. 4 . The penetration process is simulated by first considering an analysis 156 point in Soil A (a weaker soil) sufficiently far away from the Soil A/B interface such that
157
Soil B has no effect, then considering points increasingly close to the interface, and finally 158 moving into Soil B (a stronger soil). The distance to the soil interface is defined as H, which 159 is equivalent to b 0 in the cavity expansion analysis.
160
As b 0 decreases from infinity to a 0 (i.e. the cone tip approaches the interface between
161
Soil A and Soil B), cavity pressure (P a ) transforms from P a,A to P a,B (see to and |H| = B). The modified cavity pressure at the interface (P a,int ) is calculated by:
and the transitionary cavity pressure curve (P a,tr ) is obtained by:
(cavity in weak soil)
A cavity pressure ratio is defined as η 
The transition of cone tip resistance, q c , from the weaker to the stronger soil can then be 185 obtained by combining the data from Eq. 1 and 2 into Eq. 3.
186
To evaluate layered effects on the resistance of penetrometers, Xu and Lehane (2008) 187 performed a series of numerical analyses of spherical cavity expansion and proposed a re- 
192
A modified cone tip resistance ratio, η ′ , is proposed here as:
which like η 
196
The newly defined resistance ratio (Eq. 4) can also be related to the resistance ratio 
where B 1 = −0.22 ln (q c,w /q c,s ) + 0.11 ≤ 1.5 and B 2 = −0.11 ln (q c,w /q c,s ) − 0.79 ≤ −0.2 .
202
Interpretation of results
203
A series of cavity expansion simulations in two-layered soils was carried out to explore the Table 1 208 using the approach presented in Appendix 1, with estimated values of cone resistance in a 209 uniform soil layer based on a penetrometer with a diameter of 12 mm using Eq. 3.
210
By varying the relative density of each soil layer, the cone tip resistance and resistance 211 ratio curves shown in Fig. 6 and 7, respectively, were obtained (using the relationship from them for numerical analysis using FLAC.
249
The results of Xu and Lehane (2008) were determined using Eq. 5, which was proposed 250 according to the numerical simulation of cavity expansion. resistance ratio in the three-layered system with a thin layer of strong soil are expressed as:
where
Correspondingly, the system with a thin layer of weak soil can be produced in a similar 291 process for the calculation of η ′ min using:
Thin-layer analysis results
295
Strong soil within weak soil value of η ′ reaches 1, indicating no thin-layer effect.
301
The effect of the relative density of the strong soil (Fig. 13a ) and weak soil ( whereas the actual penetration resistance in uniform weak soil is 309.1 kP a, which is only 323 36 % of the measured resistance.
324
The variation of η ′ with D R in each soil layer is shown in Fig. 16 , with a constant 325 H t = 10 B. Fig. 16a shows that an increase of the thin-layer effect (given by an increase in shows that when the value of D R of the strong soil is increased, the thin-layer effect reduces
330
(η ′ min approaches zero) but the effect of the thin weak layer on the penetration resistance in 331 the surrounding strong soil becomes more significant.
332
Consistent with the gradual reduction of the thin-layer effect with an increase of H t shown 333 for a thin strong layer of soil (Fig. 14) , the minimum resistance ratio in the sandwiched weak 334 soil decreases with H t , implying a decrease in the thin-layer effect (Fig. 17) . A decrease of .
362
Comparing with the field data, the analytical results obtained using the cavity expan- 
408
CONCLUSIONS
409
Analytical cavity expansion solutions in two concentrically layered soils were applied to the 410 interpretation of CPT results, with specific focus on the layered effects during penetration.
411
A discussion on concentric and horizontal layering was provided to validate the relevance 412 between the two types of models. The analogy between the CPT and cavity expansion in 413 two-layered soils was described, and a combination approach for predicting tip resistance in The influence of soil properties in each layer as well as layer geometry on the magnitude of K H = correction factor for thin-layer effects; P 0 = initial cavity pressure and in situ hydrostatic stress; P a = radial stress at the cavity; stress (P 0 ), as follow:
where c ′ and n ′ are soil-specific parameters, and σ atm is atmospheric pressure.
444
Shear stiffness degradation with increasing shear strain is not included in the analytical 
